Tailoring and controlling magnetic properties is an important factor for materials design. Here, we present a case study for Ni-based Heusler compounds of the type Ni 2 YZ with Y = Mn, Fe, Co and Z = B, Al, Ga, In, Si, Ge, Sn based on first principles electronic structure calculations.
I. INTRODUCTION
The demand for new magnetic materials is bigger than never before. Applications are very diverse and comprise permanent magnets for cars and wind turbines, actuators, memory devices, as well as for magnetic cooling where different applications also demand for different technical specifications of the magnetic material. An eminent goal is to identify new materials for magnetic applications. A resource saving and often faster way compared to experiments is computational materials design using ab initio methods or atomistic modeling.
In principle two different routes exist: high throughput data mining to find unknown phases or optimization and modification of known structures. In practice often high throughput studies are carried out with certain constraints on the structure or other properties. A recent example can be found in Ref. 1 where this technique has been used to find new magnetic Heusler compounds. In the latter case the challenge is to find out on which screw to turn to optimize all relevant properties. From first principles point of view the focus is on three properties as depicted in Fig. 1 : the stability of the phase, a ferromagnetic phase with suitable high magnetization, and last but not least the magnetocrystalline anisotropy (MAE) which is crucial for the magnet. As depicted in Fig. 1 other, e.g. a large magnetization without a suitable large MAE will not result in a hard magnet because the coercivity would be too small. Adding atomistic model calculations further properties such as the Curie temperature can be predicted. However, here the focus is on the basic properties shown on the left side of Fig. 1 . Using Ni-based Heusler compounds as model system we discuss the influence of mechanical deformation, alloying, and electronic structure on the basic magnetic properties. Ni-based Heusler compounds are known to show in certain compositions a tetragonal instability which makes them an ideal test system even if the expected Curie temperatures are too low for high performance magnets. During the last decades Heusler alloys have been discussed as possible candidates for different magnetic applications, e.g. halfmetallic Co 2 FeSi for spintronics applications [2] [3] [4] , as rare earth (RE) free permanent magnets 5, 6 , or Ni-based actuators 7, 8 and magneto-caloric materials 9, 10 , because of their magnetic and electronic properties can be quite easily tuned by composition. [11] [12] [13] [14] Depending on the application the key properties are a high spin polarization, a large magneto crystalline anisotropy (MAE), a high Curie temperature or a large magnetic shape memory effect. 15 It has been shown that Co based Heusler alloys such as Co 2 FeSi and Co 2 MnSi are half metallic ferromagnets with magnetic moments following the Slater-Pauling curve and very high Curie temperatures 16, 17 , Ni based systems, e.g. Ni 2 MnGa or off-stoichiometric Ni-Mn-Z (Z = Sn, Sb, In) are well known for their shape memory behavior. 13, [18] [19] [20] Recently the MAE on Mn based Heusler alloys has been discussed in view of their suitability for spin transfer torque applications 12 . These systems are ferrimagnetic with a small net moment of 1-2 µ B but MAE values up to 1meV/f.u. Furthermore, the search for new rare earth free or lean ferromagnets has become highly topical since permanent magnets with high MAE are needed en masse, such that cheap and abundant alternatives to the critical RE to lattice deformation and out-of plane orientation of the easy axis can be achieved without 5d or RE elements and they bear certain potential for magnetic applications.
After a brief description of the computational methods in Section II the stability of the Heusler compounds is discussed in Sec. III. Section IV focusses on the MAE and the magnetic moments pointing out trends and possibles routes to increase the MAE followed by concluding remarks in Sec. V.
II. METHODS
The electronic and magnetic structure of Within the RSPt code the wave functions are expanded to l max = 8. inverse one, see inset of Fig. 3 (b). However, since the energy difference is so small it is hard to determine which structure has to be expected experimentally a since this tiny energy barrier could be overcome at very low temperatures. So far the Heusler structure was not observed for Ni 2 FeGe. From recent high-temperature magnetocalorimetry experiments there is evidence that at high temperatures a cP4 (L1 2 ) structure can be stabilized. 34 However, the Heusler structure might still be produced in thin films. For Co containing alloys the symmetry depends on the choice of the Z element, i.e. Z elements from group IV prefer inverse order and the c/a ratio of the global minima is around 1.3 compared to 1.35 (1.38 for Ni 2 CoGa) for the L2 1 ordered alloys, cf. of the isoelectronic ternary Ni 2 FeGe system which hints to a higher martensite temperature and a larger stability range of the tetragonal phase.
B. Phase stability
In the previous section the stability of the L2 1 vs the inverse Heusler structure has been discussed. However, so far not all investigated systems have been synthesized and it is not known whether the observed ground state structure will be likely to stabilise these compounds experimentally or the system decomposes. In order to shed light on this the formation energy E form has been investigated. For a given compound E form can be obtained
where E Ni 2 YZ is the total energy at T = 0 K for the ground state configuration of the apply. Indeed these are the systems of the least importance for this paper because they are cubic or provide very small MAE. All other investigated systems turned out to be stable in the Heusler structure being consistent with previous theoretical findings. 32, 33 In the next section the magnetic properties are discussed focussing on the MAE of the stable systems with non-cubic ground states. 
B. Possible routes to tailor the magnetocrystalline anisotropy
It is fair to say that some Ni-based Heusler compounds reveal promising MAEs, but the most interesting systems (in view of large MAE values) have positive formation energies, are easy-plane systems, or could not be synthesized as bulk systems even if predicted by theory to be stable. Here we focus on possible ways how to tailor the size and the sign of the MAE and simultaneously stabilize the tetragonal phase. Special focus will be on the effect of lattice deformation, forming quaternary compounds to turn easy-plane magnets into easy-axis systems. Knowing that heavier materials provide a larger spin-orbit coupling are are therefore likely to possess also a larger anisotropy then 3d materials we consider also the influence of 4d element replacements of Ni. In the present paper we have studied in particular Pd which is isoelectronic to Ni.
Changing the lattice geometry
Changing the lattice distortion from elongation to compression of the c axis is in many more important the system is uniaxial. The large MAE and the possibility to tune by small lattice distortions might make this system interesting in view of applications. However, to our knowledge it has not been successfully synthesized as a bulk system in L2 1 structure.
However, one might think to stabilize a structure as a thin film where the c/a ratio could be 
Quaternary compounds
While in the previous section structural changes within one system were discussed we will focus here on alloying on one sublattice to improve the magnetic properties. Two examples have been chosen. In the first case the Z sublattice is used to improve the MAE of Ni 2 CoZ.
On the one hand from Fig. 5 it is conclusive that Ni 2 CoGa and Ni 2 CoIn have the largest MAE values, unfortunately is not an uniaxial anisotropy and as discussed in previously the
In compound is not expected to be stable at low temperatures (cf Sec.III). On the other hand the inverse ordered Ni 2 CoGe has a much smaller MAE but it is uniaxial and the compound is according to our survey stable in the Hg 2 CuTi structure. Therefore, it seems a natural choice to replace In partially by Ge which means increasing the e/a. Here, In has been chosen over Ga because of the larger atomic number the spin-orbit (LS) coupling is expected to be larger and this in turn should counteract the reduction which is expected due to Ge. We replaced 25 and 50% of In by Ge using a 16 atomic super cell, see Sec. II. The Si and Ge seems to be related to the change of the neighbor distances in the quenched phase (c/a<1.0), hence for the local minimum (c/a = 1.2) the situation is the same as in the In case. The MAE is uniaxial being slightly larger than for the ternary parent system Ni 2 CoSi, see hatched circle in Fig.8 .
In the second case we followed the same line of argument but tailoring the occupation of the Y sublattice instead. In this case we keep the Z element fixed. Out of the 21 studied systems 14 possess a non-cubic ground state being a prerequisite for a finite MAE. From these candidate systems the ones with Co on the Y sublattice turned out to be most interesting. In Ni 2 CoZ compounds the tetragonal phase turned out to be most stable, i.e. the transformation to the cubic austenite phase will occur at higher temperature as for example for Ni 2 MnGa. However, the Ni 2 CoZ (Z= In, Ga) systems with the largest MAE turned out to have a planar MAE and/or are even unstable. We could show that this could be cured by combining them with inverse ordered Ni 2 CoGe which has a uniaxial MAE. Using Si instead of Ge turned out not to be successful, because the tetragonal phase in Ni 2 CoSi has c/a < 1. For the local minimum at c/a = 1.2 the same effect as for Ge is observed. Hence, the phase can be stabilized by adding valence electrons (replacing In partially by Si or Ge) but to improve the magnetic properties also the lattice structure of the ternary phases has to match. Aiming to increase the uniaxial MAE of Ni 2 FeAl we used the same strategy, but replacing partially Fe by Co since Ni 2 CoAl as a larger (planar) MAE.
However, it turned out that 25% Co of the Fe sublattice reduce the MAE drastically. This is not completely unexpected since changing the coordination and magnetism can lead to a reduction of the MAE.
Another way to improve the MAE could be the use of heavier elements, which possess larger spin orbit coupling. To test this for our set of systems we selected the ternary system with the largest uniaxial MAE, Ni 2 FeGe. Partial isoelectronic replacement of Ni by Pd showed only minor effect on the MAE, because due to Pd the volume increases and the magnetic moments slightly decrease both facts counteract to an increase of the MAE.
The MAE also changes with the lattice ratio such that one can think to tailor the MAE by stress or strain. Basically this c/a dependence has been discussed for Ni 2 
